In the present study, a new online monitoring method for the determination of the CO 2 sensitivity of micro-organisms, based on the values of the respiration factors [OTR (oxygen transfer rate) and CTR (carbon dioxide transfer rate)], obtained by using the RAMOS (respiratory activity monitoring system) device considering a variety of aeration rates in the measuring flask, is investigated. Based on the data of the OTR, obtained by RAMOS under a variety of specific aeration rates, the proposed new method was developed as an online monitoring method for CO 2 sensitivity of micro-organisms in shaken bioreactors. A maximum accumulated CO 2 concentration of 12 % was derived in applied methods, provided that the cultivation system is carried out under optimal conditions. Additionally, to predict these conditions, an unsteady-state gas transfer model in shaken bioreactors would be very advantageous. The data of OTR obtained using the RAMOS device were analysed and recalculated by a programme considering the calibration factor (C f ). The major advantage of the new method is the possibility to determine the metabolic activity, regardless of manual sampling.
Introduction
Aerobic micro-organisms will be oxygen limited if the OTR (oxygen transfer rate) is smaller than the oxygen uptake rate in shaken bioreactors [1−6] . To avoid oxygen limitation in the shake flasks, it is essential to have a good understanding and estimation of the gas transfer conditions. Therefore, it is necessary to evaluate the OTR through the sterile closure (OTR plug ) and gas−liquid oxygen transfer rate (OTR g−L ) in the shaken bioreactors [4, 7] . OTR g−L and OTR plug are related to the values of the gas transfer coefficients through the sterile closure (k plug ) and volumetric gas transfer coefficients gas−liquid (k L a), respectively.
Using a sterile closure leads to a reduction in O 2 and CO 2 accumulation in the gas phase of the headspace of the shake flask in an aerobic cultivation system [8−10] . This carbon dioxide accumulation produced by the metabolism of the micro-organisms, may be a fundamental inhibition or stimulant for the cell growth and productivity [8,11−16] . This CO 2 can particularly play a significant role in industrial micro-organisms for the fermentation of some important bio-products (e.g. amino acids, antibiotics, etc.) [17] . Many authors have indicated the inhibitory effects of CO 2 on bacteria [12, 18] , yeasts [19] and fungal micro-organisms [13, 15, 20] in a cultivation process. The most important effects mentioned comprise altering growth [12, 19, 20, 21] and product formation [18, 20, 21] .
Compared to O 2 the influence of CO 2 on the cultivation system has rarely been studied [22, 23] . Considering the importance of the CO 2 effects on productivity and growth rate of industrial micro-organisms, several quantitative methods in batch, fed-batch and continuous bioreactors for the evaluation of these effects have been established [8,11−16] . But to date no report has been available on the quantification of the CO 2 sensitivity of micro-organisms in the small-scale shaken bioreactors, e.g. shake flask.
The effect of aeration on the removal of volatile compounds, e.g. organic acids, NH 3 , alcohols, hormones, CO 2 , etc., from the fermentation broth have been demonstrated [24−26] . CO 2 has a stimulating and/or inhibiting effect on the growth and/or productivity of micro-organisms [27] . The OTR is widely used to study the growth behaviour of microbial and plant cell cultures [28−30] . Physiological responses of aerobic microorganisms to specific culture conditions (e.g. oxygen limitation, nutrient limitation and inhibiting factors) are reflected by OTR [28] . A device for measuring the respiration activities [OTR, CTR (carbon dioxide transfer rate) and RQ (respiration quotient)], and the so-called RAMOS (respiratory activity monitoring system) in shaken bioreactors has been presented and developed [28, 31] . This Scheme 1 A schematic drawing of gas transfer in a measuring flask of the RAMOS device [28] device has been already applied for the determination of the optimal operating conditions, avoiding limitations in shaken bioreactors, and gaining important information for scaling up to stirred bioreactors [32] .
Based on our previous papers, a similar composition of the gas mixture in the headspace of the ventilation and measuring (aerated) flask of the RAMOS device can be obtained using a specific aeration rate. It has been reported that the reduction of the aeration in an aerobic bioreactor led to an increase in the CO 2 autogenously produced by micro-organisms [33] . The CO 2 sensitivity of micro-organisms, using batch and continuous bioreactors, has been addressed in many papers [8, [11] [12] [13] [14] 21, 34] , but to date no report is available on the online monitoring and determination of CO 2 sensitivity of micro-organisms in small-scale bioreactors, e.g. shake flask.
In this research, a new online monitoring method for the determination of the CO 2 sensitivity of micro-organisms, based on the values of the respiration factors (OTR and CTR), obtained using the RAMOS device considering a variety of aeration rates in the measuring flask, will be investigated. The nomenclature used in the present paper is given in Table 1 .
Theory
The gas transfer in the measuring flask of the RAMOS device (Scheme 1) based on the steady-state gas transfer assumption has already been modelled [35] . The respiratory activities (e.g. OTR, CTR and RQ) are calculated using the values of the partial pressure of oxygen detected by an oxygen sensor. 
Oxygen transfer rate from gas to liquid phase (mol · l
Absolute pressure (bar) pCO 2 Carbon dioxide partial pressure in headspace of the flask (bar) pO 2 Oxygen partial pressure in headspace of the flask (bar) q in Specific aeration plug flow rate (vvm) In our last published paper [36] , we concluded that a variation in k plug led to an unsteady-state condition in the ventilation flasks. In an aerated flask this phenomenon will occur if a low value of aeration rate is used.
Determination of the OTR, CTR and RQ in the RAMOS device
The equations to calculate the values of OTR, CTR and RQ based on the data of partial pressure of oxygen in the headspace of a measuring flask (Scheme 1), detected by an oxygen sensor, have already been introduced [28, 31] , and the measuring cycle of the RAMOS device, which is divided into the measuring and rising phases, is continuously repeated. For instance, Figure 1 shows the sensor signal during each measuring cycle for the fermentation of Corynebacterium glutamicum DM1730. In order to determine OTR, CTR and RQ during the measuring phase, a dynamic method has been employed [28] . At an exact time interval for each period, the inlet and outlet valves of the measuring flasks are closed (q in = 0). After the measuring phase, the gaseous products are removed by flowing fresh gas during the rising phase. At the end of the rising phase, the signal normally reaches a stationary value (U α ). After this stationary condition, the signal drops in a linear manner with a slope (m) in the measuring phase. Using the values at the beginning (t1, U1) and at the end (t2, U2) of the measuring phase, the value of slope (m [V/h]) can be calculated as follows:
For the conversion of the sensor signal into the oxygen partial pressure, a sensor calibration must be done. For the compensation of a possible sensor drift (refer to the part of normal aeration in the rising phase in Figure 1 ) and/or for the avoidance of measuring errors by slow changes of the environmental conditions (e.g. the change of climate and temperature), the sensor is calibrated before the measuring period (refer to the point U α in Figure 1 ). For a correlation between the value of the voltage signal changes and the value of the oxygen partial pressure, the following proportional equation is presented [37] :
where pO α 2 U α −U 0 is defined as a calibration factor (C f ). Assuming a constant value of the calibration factor (C f ), a stationary gas transfer near the end of the rising phase during the fermentation is considered (Figure 1 ). In that case, the value of pO 2 α becomes a stationary value at the end of the rising phase that is dependent on the OTR α , RQ and q in . Under the steady-state condition, the value of pO 2 α can be calculated using an overall mass balance (e.g. O 2 , CO 2 and N 2 ) in the measuring flask of RAMOS device (Scheme 1) as follows [37] :
where OTR α is the OTR at the end of the rising phase. During the measuring phase, OTR, CTR and RQ can be calculated and monitored using the sensor signal values by a programming system [28, 35] . The following equations result from a mass balance for O 2 and CO 2 in the headspace of the measuring flasks, considering the ideal gas law [28] :
The OTR and the CTR are related by the RQ (respiration quotient):
Since the oxygen partial pressure is correlated to the non-linear signal of the sensor (eqn 2), the OTR can be continuously calculated by substitution of eqn (2) into eqn (4):
According to eqns (1), (2) and (7), under defined operating conditions [such as V L , aeration rate (q in ) and physical parameter (p, temperature, Vg)], the calibration factors (C f ) and consequently pO 2 α play an important role in calculating the value of OTR in the RAMOS device.
As discussed in our previous research, a variety of aeration rates led to an unsteady state condition in the aerated flasks [27, 36, 38] . This condition, especially at low aeration rate, could affect the stationary values of pO 2 α , and consequently the constant value of C f . This may lead to an error in the calculation of OTR (eqn 7). Therefore, in the present study, an unsteady-state model to calculate the gas transfer in the headspace of an aerated flask was developed. Under this condition, the partial pressure of oxygen can be calculated at the end of the rising phase as follows:
where OTR conv. is the rate of oxygen transferred by convective flow (aeration) through the aerated flask of the RAMOS device. OTR conv. can be calculated as follows:
For a correlation between the values of the sensor voltage and the oxygen partial pressure at the end of the rising phase, the following proportional equation is presented:
where C f is the calibration factor at unsteady-state condition and can be calculated by substitution of eqns (8) and (9) in eqn (10):
Therefore, the OTR can be continuously calculated considering eqns (7)−(9):
where the term U t · Vmo ·pabs qin is for the rising phase that will be zero if the rising phase become a steady-state condition.
In the present study, we inputted eqns (11) and (12) into an analysing programme, the so-called OTR analyser, and so the correct values of OTR can be calculated using the data of an oxygen sensor.
Material and methods

RAMOS with a special aeration system
In the present study, OTR was measured using the RAMOS (Hitec Zang, Herzogenrath, Germany) with a special aeration system developed for our purposes [38] . The measuring flasks were fixed onto a shaker. The required values (e.g. temperature, air pressure, filling volume, aeration rates, measuring and rising time for the RAMOS device, etc.) were entered in the programming system, and the air flow rates were adjusted using the mass flow controller (5850TR, Brooks Instruments, Venendaal, The Netherlands). The measuring and rising times were selected as 10 and 20 min, respectively.
A high aeration rate, five times higher than a normal aeration rate at the beginning of the rising phase, for a short time (2.3 min) was used ( Figure 1 ). In this way, stationary conditions were reached in a shorter time. For further information on the general set-up of the RAMOS device, refer to the literature [28] .
Programme to analyse the OTR results of the RAMOS device
In order to control and correct the results of RAMOS operated under a variety of aeration rates (particularly, at the low aeration rate), an analysing programme was applied. The modified equations for calculation of OTR (eqns 11 and 12) were inputted in an Excel-Macro (Excel 97) in Visual Basic for Applications [37] . Using this programme, the value of the calibration factor (C f ) was calculated before the periodic measuring phase. This programme also automatically recalculates the correct values of OTR, based on the corrected value of the calibration factor (C f ).
Model organisms and cultivation
For the investigation of the new method, fermentations of Arxula adeninivorans WT-LS3, C. glutamicum (DM1730 and 13032WT), Pseudomonas fluorescens DSM50090 and Hansenula polymorpha RB11-FMD (flow-mediated vasodilation)−GFP (green fluorescent protein) as model organisms were performed in the measuring flasks of the RAMOS device. The medium preparation, the cultivation method and the operating conditions of the experiments were described previously [36] . The fermentations in the RAMOS device were carried out under a variety of aeration rates (between 3 and 0.08 vvm), which were calculated using the unsteady-state model [38] .
Calculation of the CO 2 concentration
For an aerobic fermentation, with RQ equal to 1, the concentration of accumulated CO 2 could be easily estimated from the value of pO 2 (eqn 13).
Calculation of the maximum specific growth rate (μ max )
The maximum specific growth rate in the exponential phase (μ max. ) can be deduced from the maximum exponential slope of the OTR [32] :
Calculation of the oxygen consumption during the fermentation The amount of oxygen consumed over the fermentation time was calculated by the integration of OTR according to eqn (15):
Results and discussion
In the following sections, the suggested method will be firstly validated by carrying out a fermentation of A. adeninivorans WT-LS3, C. glutamicum (DM1730 and 13032WT), P. fluorescens DSM50090 and H. polymorpha RB11-FMD-GFP as model organisms in the measuring flasks of the RAMOS device. Then, the effect of aeration rate on the calibration factor (C f ) and consequently on OTR will be discussed. Finally, the CO 2 sensitivity of the micro-organisms, based on the values of OTR will be investigated.
The effect of aeration rate on the partial pressure of oxygen
To investigate the effect of aeration on the concentration of the components of the gas mixture (O 2 and CO 2 ) in the headspace of the measuring flasks of the RAMOS device, the fermentation of C. glutamicum DM1730 was performed based on different aeration values for aerated flasks. Figure 2 . Values of 1.5, 3.7, 7.8 and 11.9 % for the maximum accumulated CO 2 were obtained in the headspace of the aerated flasks rf1, rf4, rf7 and rf9 using eqn (13), respectively.
These results revealed that using the different values of aeration rates in the RAMOS device are advantageous for quantifying the CO 2 sensitivity of micro-organisms, as an online monitoring method. This method is based on the effect of CO 2 on the values of the oxygen uptake rate. In the following sections, the validity of this method will be experimentally demonstrated.
Validation of the OTR results of the RAMOS device obtained by the new method
Fermentations were performed with C. glutamicum 13032WT in the measuring flasks with different specific aeration rates. Figure 3 As illustrated in Figure 4 , there is a significant discrepancy in the slopes of OTR curves. This could be interpreted as an indicator for the effect of CO 2 on the C. glutamicum. Although the total oxygen consumptions calculated by the integration of OTR over the fermentation time for all flasks should be the same (eqn 11), the results obtained were different. Those differences clarified that there was an error in the calculation of the OTR, especially for the low aeration rate of 0.23 vvm. For this reason, the calibration factor (C f ) and the OTR were calculated using the oxygen sensor's signals. Interestingly, it was found that the values of the calibration factor (C f ) changed strongly Figure 3 The effect of the specific aeration rates on the partial pressure of oxygen in the headspace of the measuring flasks of the RAMOS device for the fermentation of C. glutamicum 13032WT during the fermentation with the low aeration rate (0.23 vvm) in comparison with the high aeration rate (1.03 vvm). The highest variation of C f values was obtained around the maximum OTR for the low aeration in which unsteady-state conditions occurred strongly. The values of C f and OTR were recalculated by the OTR analyser. Figure 5 illustrates the recalculated values of OTR and the corrected value of C f considering the real value of pO 2 , before each period of the measuring phase. According to this method, the same values of oxygen consumption for the fermentation of C. glutamicum 13032 WT on 10 g/l L-lactate were obtained. In the following section, the new method is introduced with the OTR analyser and will be presented for the investigation of the CO 2 sensitivity of micro-organisms.
Evaluation of the CO 2 sensitivity of microorganisms using OTR values
In aerobic cultures, the OTR is a very useful parameter to reflect the physiological responses of micro-organisms to specific culture conditions [28] . Thus, the OTR values, obtained by the RAMOS device, were applied for the investigation of the CO 2 sensitivity of micro-organisms.
Culture experiments were performed with A. adeninivorans WT-LS3, C. glutamicum (DM1730 and 13032WT) and P. fluorescens DSM50090, as model organisms in the RAMOS device under a variety of aeration rates. The values of OTR, obtained by the RAMOS device were recalculated by the OTR analyser in advance. The results shown in Figure 5 clarify that there is a significant discrepancy between the slope of OTR recalculated by the OTR analyser for the fermentation of these organisms under different maximum accumulated CO 2 values of 2.49, 4.22 and 8 % related to the aeration rates of 1.03, 0.55 and 0.23 vvm in the measuring flasks, respectively. On this basis, it can be inferred that C. glutamicum 13032WT is sensitive to the values of CO 2 . The CO 2 sensitivity of this micro-organism has already been reported in a continuous turbidostatic culture system [34] .
P. fluorescens DSM50090 as an especially sensitive organism to CO 2 , which agrees with the literature [12] , was fermented (Tables 2 and 3 Figure 4 The effect of the specific aeration rate on the calibration factor (C f ) and OTR for the fermentation of C. glutamicum 13032WT in the RAMOS device Cf, C f .
C 2010 Portland Press Limited Figure 5 The recalculated values of OTR and calibration factor (C f ), for the fermentation of C. glutamicum 13032WT, by an OTR analyser Cf, C f ; CO2, CO 2 . (14) . From these results it can be concluded that this micro-organism was sensitive to CO 2 as reported in the literature [12] .
In the same way, the CO 2 sensitivities of C. glutamicum DM 1730, C. glutamicum WT 13032 and A. adeninivorans LS3 were evaluated by the online monitoring method. Figure 7 shows the OTR results of these micro-organisms.
The results for A. adeninivorans LS3 on 20 g/l glucose, indicated that there was no significant difference between the values of OTR after 13.4 h of the fermentation (in the exponential phase) under the maximum accumulated CO 2 values of 2.5 and 8 %.
In case of the fermentation of C. glutamicum DM1730 and C. glutamicum a significant effect of the accumulated CO 2 on the slope of the OTR and maximum growth rate was found.
Results of the online monitoring method versus those of the continuous turbidostatic culture method For the validation of the online monitoring method, the results of CO 2 sensitivity of C. glutamicum 13032WT as a model organism obtained by the new method were compared with the results of the continuous turbidostatic culture system [34] . This comparison is shown in Figure 8 . Figure 8 Comparison between the maximum specific growth rate of C. glutamicum WT13032 resulting from the online monitoring method in the RAMOS device and the continuous turbidostatic culture method [19] Max, maximum.
As depicted in this Figure, the values of μ max obtained using the turbidostat system are slightly higher than the values calculated using our method. However, the overall tendencies are the same. As mentioned in part I of this research [27] , the difference between the results of both methods may be due to the differences between adjusting the pH and the calculation procedure of μ max . On the basis of the explanations, the values of μ max obtained using the online monitoring method in the RAMOS device were validated to quantify the CO 2 sensitivity of micro-organisms. According to all mentioned results, our new method is reliable.
Determination of the CO 2 sensitivity in terms of the maximum specific growth rate The determination of the CO 2 sensitivity of A. adeninivorans WT LS3, C. glutamicum (DM1730 and 13032WT), Figure 9 Maximum specific growth rate over the maximum accumulated CO 2 for several micro-organisms obtained using the online monitoring of the CO 2 
sensitivity method
The experiments were repeated several times and their reproducibility is indicated in brackets. Max, maximum. P. fluorescens DSM50090 and H. polymorpha RB11-FMD-GFP were investigated by performing a series of experiments based on the online monitoring method in the RAMOS device. The values of the maximum specific growth rate were calculated using the values of OTR in eqn (10) . Figure 9 provides the necessary information to find out the effect of maximum accumulated CO 2 concentration on the maximum specific growth rate of these microorganisms. The sensitivities of these micro-organisms can be quantified at the maximum accumulated CO 2 range of 12 % using the online monitoring method.
From these results, it could easily be concluded that A. adeninivorans LS3 and H. polymorpha as yeasts are not sensitive to CO 2 [19] , and the bacterial strains of C. glutamicum (DM1730 and 13032WT) are sensitive to autogenously produced CO 2 . P. fluorescens (DSM50090) was found to be an especially sensitive organism [12] .
Conclusion
The measurement of OTR in shake flask cultures provided valuable data during screening. The OTR profiles displayed the time-dependent course of the screening cultures and reflected the metabolic activity with respect to different screening conditions. The determination of CO 2 sensitivity of micro-organisms could be easily detected using an online monitoring method in the RAMOS device, based on the OTR data obtained under different aeration rates. In order to see the function of the online monitoring method, experiments with several micro-organisms in the measuring flasks of the RAMOS device were carried out. A maximum value of 12 % for accumulated CO 2 could be derived by applying a low flow rate of 0.1 vvm (Figure 2 ) under the appropriate conditions (e.g. V L , do and n) and culture parameters (e.g. RQ, carbon source, pH, etc.). In order to predict these conditions, an unsteady state gas transfer model in shaken bioreactors would be very advantageous. Based on the analysed OTR, the CO 2 sensitivity of micro-organisms was quantified by the assessment of the slope of the OTR curves or by using the values of maximum specific growth rate.
